Abstract:
The ion channel conductances that regulate the membrane potential was investigated by using a perforated patch-clamp technique in rabbit aorta endothelial cells (RAECs). The whole-cell current/voltage (I-V) relation showed a slight outward rectification under physiological ionic conditions. The resting membrane potential was Ϫ23.3Ϯ1.1 mV (meanϮSEM, nϭ 19) . The slope conductances at the potentials of Ϫ80 and 50 mV were 31.0Ϯ4.0 and 62.8Ϯ 7.1 pS pF
Ϫ1
, respectively (nϭ15). Changes in the extracellular and intracellular Cl Ϫ concentrations did not affect the reversal potential on I-V curves. The background nonselective cationic (NSC) current was isolated after the K ϩ current was suppressed. The relative permeabilities calculated from the changes in reversal potentials using the constant-field theory were P K : P Cs : P Na : P Li ϭ 1 : 0.87 : 0.40 : 0.27 and P Cs : P Ca ϭ1 : 0.21. Increases in the external Ca 2ϩ decreased the background NSC current in a dose-dependent manner. The concentration for half block by Ca 2ϩ was 1.1Ϯ0.3 mM (nϭ7). Through the continuous recording of the membrane potential in a currentclamp mode, it was found that the background NSC conductance is the major determinant of resting membrane potential. Taken together, it could be concluded that the background NSC channels function as the major determinant for the resting membrane potential and can be responsible for the background Ca 2ϩ entry pathway in freshly isolated RAECs. [Japanese Journal of Physiology, 50, [635] [636] [637] [638] [639] [640] [641] [642] [643] 2000] potential away from K ϩ equilibrium potential. The resting membrane potential is determined by an interplay of these currents. The relative contribution of the ionic channels to membrane potential has not been determined so far in the freshly isolated rabbit aorta endothelial cells (RAECs).
The aim of this study was to identify the channel conductances that regulate the membrane potential in resting macrovascular endothelial cells freshly isolated from the rabbit aorta (RAECs). We have focused on the background NSC channels in freshly isolated RAECs, which were found to dominantly modulate the resting membrane potential. The freshly isolated cells were used to minimize the changes in metabolism and electrical properties known to occur in cultured endothelial cells [9] .
METHODS

Preparation of cells.
Rabbits of either sex (1 to 1.2 kg) were anaesthetized by injecting pentobarbital (50 mg/kg) and heparin (1,000 U/kg) through the ear vein. A 3 cm segment of the aorta was dissected and placed in Ca 2ϩ -free normal Tyrode solution. The fat and connective tissues were carefully removed under a dissecting microscope. The aorta was cut into small pieces (3-4ϫ3-4 mm) and transferred to 1 ml of Ca 2ϩ -free normal Tyrode solution containing 0.2% collagenase (Worthington type I). After incubation of these tissue pieces at 37°C for 15 min in this solution, single endothelial cells were dispersed by a gentle agitation of the digested pieces with a wide-bored glass pipette. The freshly isolated endothelial cells were kept at 4°C in Kraft-Brühe (KB) storage solution until they were used. The KB solution contained (mM) 50 lglutamic acid (free acid), 40 KCl, 20 taurine, 20 KH 2 PO 4 , 3 MgCl 2 , 10 glucose, 10 HEPES, 0.5 EGTA (pHϭ7.4, adjusted with KOH). The endothelial cells freshly isolated from rabbit aorta were spherical (12-18 m) or oval with a characteristic granular surface. The physiological functions of the freshly isolated RACEs seem to be well maintained because they showed a transient [Ca 2ϩ ] i increase by the application of the endothelium dependent vasodilator, Acetylcholine. All experiments were carried out at room temperature within 12 h of harvesting the cells.
Solutions and drugs. The normal Tyrode solution contained (mM) 150 NaCl, Electrophysiological recordings. To measure the membrane potentials and the membrane currents, the nystatin-perforated patch clamp technique (100 g ml Ϫ1 in the pipette solution) was used. The patch pipettes with a resistance of 3-4 M⍀ were used to make a gigaseal. pCLAMP v6.0.3, and Digidata-1200 (all from Axon Instruments) were used for the acquisition of data and applying command pulse. Whole-cell currents were recorded with a patch-clamp amplifier (RK-300, Biologic). The Ag/AgCl reference electrode was connected to the bath solution by a 3 M KCl agar bridge. The liquid junction potentials were corrected. The current-voltage relations of a wholecell were measured by either square or ramp pulses from a holding potential of Ϫ30 mV. The ramp pulse was ascending from Ϫ120 to 80 mV during 3.0 s and sampled at a rate of 250 Hz. Membrane potentials were continuously recorded in a current-clamp mode. The cell capacitance was measured by using a compensation circuit of the amplifier. The slope conductance and reversal potential were determined by fitting a regression curve over an appropriate short segment of the I-V curve.
The average results in this study are given as meansϮSEM.
RESULTS
Elementary electrophysiological parameters of RAECs
The mean cell capacitance was 9.1Ϯ0.4 pF (nϭ68). The resting membrane potential was Ϫ23.3Ϯ1.1 mV (nϭ19). To understand the membrane current system in the freshly isolated RAECs, we used the step pulse protocol from a holding potential of Ϫ30 mV in the normal Tyrode solution. Figure 1A shows that RAEC has no clear time-dependent current over a range of Ϫ120 to 80 mV. At the positive potentials, the wholecell currents showed a slight outward rectification. The hyperpolarizations more negative than E K did not induce an inward rectification. The corresponding I-V curves (Fig. 1B ) displayed depolarized reversal poten-tials, which are not near the K ϩ equilibrium potential (E K ϭϪ80.9 mV at 25°C). The membrane potential implies a possible involvement of other current components different from K ϩ currents. Figure 2A shows two I-V curves recorded from the K ϩ internal (trace 1) and Cs ϩ internal solution (trace 2) under the normal Tyrode solution. These two curves have similar reversal potentials, but different slope conductances over the positive potential range. The reversal potentials of RAECs in the K ϩ internal solution and in the Cs ϩ internal solution were Ϫ25.9Ϯ3.3 mV (nϭ15) and Ϫ26.5Ϯ2.5 mV (nϭ12), respectively ( Figure 3A shows the I-V curves recorded from a cell before and after the treatment with 3 mM TEA. The amplitude of the current at 80 mV reduced to 50.2Ϯ4.7% (nϭ18) in the presence of 3 mM TEA, and the inhibitory effect was reversible. The TEA-insensitive current (trace 2) was subtracted from the current in the absence of TEA (trace 1), resulting in the I-V curve (Fig. 3B ) of the TEA-sensitive current that shows typical characteristics of the outward rectifier. In only 2 of the 15 cells tested, Ba 2ϩ -sensitive inwardly rectifying currents were isolated (Fig. 3C, D) , indicating that inwardly rectifying K ϩ (IRK) current is rarely present in the freshly isolated RAECs. The increase in the extracellular K ϩ concentration from 6 (trace 1) to 120 mM (trace 2) enhanced the inward current along with a shift of the reversal potential from Ϫ25.9Ϯ3.3 to Ϫ11.8Ϯ1.1 mV (nϭ15). When 100 M Ba 2ϩ was applied to the high-K ϩ bath solution (trace 3), the enhanced inward current in 120 mM K ϩ solution reduced remarkably (nϭ2).
Potassium currents
Chloride currents
The Cl Ϫ current component was tested after the TEA-sensitive K ϩ current was suppressed by entirely replacing intracellular K ϩ by Cs ϩ . Reducing the extracellular Cl Ϫ concentration from 161 mM to 86 and 11 mM (NaCl partially replaced by sodium aspartate) did not affect the I-V curves evoked by voltage ramps (Fig. 4A) . The reversal potentials measured at 161, 86, and 11 mM Cl Ϫ were Ϫ25.4Ϯ2.1, Ϫ26.3Ϯ3.4, and Ϫ24.7Ϯ1.8 mV, respectively (nϭ11). The influence of the intracellular Cl Ϫ on the I-V curves was also tested. Figure 4B represents the I-V curves recorded at 45 mM Cl Ϫ internal (trace 1) and 140 mM Cl Ϫ internal solution (trace 2) in the normal Tyrode extracellular solution, respectively (nϭ27). Changing the intracellular Cl Ϫ concentration from 45 to 140 mM also did not shift the reversal potential of the I-V curve to the theoretical Cl Ϫ equilibrium potentials (E Cl ϭϪ32.6 mV at 45 mM Cl Ϫ , and Ϫ3.4 mV at 140 mM Cl Ϫ at 25°C). The measured reversal potentials were Ϫ25.6Ϯ2.3 and Ϫ24.9Ϯ2.8 mV at the intracellular Cl Ϫ concentration of 45 and 140 mM, respectively (nϭ27). Considering that the measured reversal potentials in RAECs did not follow the E Cl , the Cl Ϫ current component might play a minor role in determining the resting membrane potential.
Background NSC current and its block by extracellular Ca
2؉
The contribution of cationic currents to the membrane conductance was investigated. Figure 5A the current traces from a cell in K ϩ -free, Na ϩ extracellular, and Cs ϩ intracellular solution. The replacement of extracellular Na ϩ by NMDG ϩ was associated with a remarkable suppression of the inward current component along with a shift in the reversal potential toward more negative potentials, indicating that most of the background inward currents reflect Na ϩ influx, assuming that the permeability of NMDG ϩ is negligibly small compared with that of Na ϩ . The difference curve indicating the net Na ϩ influx (Fig. 5B ) was well fitted by Goldman's Constant Field Equation (Eq. 1), assuming independence of the ionic movements.
where I S is the inward current for a system indicating nonlinear functions of membrane potential, P is the permeability coefficient of Na
o is the concentration of external Na ϩ in this experiment, E is the membrane potential, z is the charge number of the ion, F is the Faraday constant, R is the gas constant, and T is the absolute temperature. Figure 5C shows the blocking effect of the extracellular Ca 2ϩ on the background current recorded at Ϫ120 mV under Na ϩ ext /Cs ϩ int condition. The concentration of external Ca 2ϩ increased from 0 to 0.5, 1.5, 3, and 6 mM. Increases in the external Ca 2ϩ decreased the background Na ϩ current in a dose-dependent manner, suggesting that the removal of extracellular Ca 2ϩ enhances the background current and results in the depolarization of membrane potential. Figure 5D represents that the plot of the extracellular Ca 2ϩ concentration versus the relative Na ϩ currents agrees with the Eq. 2.
where I is the relative Na ϩ current, I R is the relative remained Na ϩ current after maximum block with Ca 2ϩ , K 0.5 is the extracellular Ca 2ϩ concentration at which the block rate is half its maximal value, and n is the Hill coefficient. The K 0.5 value was 1.1Ϯ0.3 mM (nϭ7), and the Hill coefficient (n) was 1.6Ϯ0. 
Cation selectivity of the background NSC currents
To investigate the cation selectivity of the background currents, the extracellular cations were fully replaced by various cations. The intracellular solution contained 140 mM Cs ϩ to suppress K ϩ currents. Ba 2ϩ (100 M) was applied to the bath to block the possible Ba 2ϩ -sensitive K ϩ currents when the K ϩ conductance was examined. Producing the inward currents in response to the ramp pulses (Fig. 6A, B) were 160 mM of Li The relative permeability for the monovalent cations was calculated by the change of reversal potential (⌬E rev ) from the following Eq. 3.
where P X /P K is the relative permeability for X ϩ over , and F, R, and T have the same meaning as in the Eq. 1. The relative permeabilities for monovalent cations over K ϩ were P K : P Cs : P Na : P Li ϭ1 : 0.87 : 0.40 : 0.27. Assuming that [Ca 2ϩ ] i was nearly zero in the internal solution, the membrane permeability to Ca 2ϩ was calculated from the following Eq. 4.
where P Ca /P Cs is the relative permeability for Ca 2ϩ over Cs ϩ , E rev is the reversal potential, and F, R, and T have the same meaning as in the Eq. 1. The relative permeability for Ca 2ϩ over Cs ϩ was P Ca : P Cs ϭ0.21 : 1.
Contribution of background NSC current to the resting membrane potential
To confirm that the cation conductance is a major determinant of the resting membrane potential in RAECs, membrane potentials were recorded in a current-clamp mode and the extracellular cations were entirely replaced by each one. NMDG drive the cell membrane to the more depolarized potentials (Fig. 6C ). The differences between the membrane potentials measured in K ϩ solution and in each cation solution including NMDG These results are consistent with the changes in reversal potentials of each cationic current. Cl Ϫ , however, little affected the membrane potential (data not shown).
DISCUSSION
Ionic current system determining membrane potential of RAECs. This is the first report on the current system of RAECs in terms of the resting membrane potential. The present study gives the resting membrane potential of Ϫ23.3Ϯ1.1 mV (nϭ19). This depolarized value is similar to a mean resting membrane potential (Ϫ26Ϯ3 mV, nϭ104) reported in bovine pulmonary artery endothelial cells [8] . The following findings underlie the depolarized resting membrane potential of RAECs: (1) The Ba 2ϩ -sensitive K ϩ current was infrequently recorded in the freshly isolated RAECs, and a block of the inward K ϩ current with Ba 2ϩ had no significant effect on the membrane potential. (2) Membrane conductance was little affected when intra-and extracellular Cl Ϫ concentrations were changed. This may imply that the significance of Cl Ϫ channel would be small under the physiological resting conditions. Three types of Cl ] i [10, 11] . (3) The main conductance observed in RAECs was via the background NSC channels under the resting conditions, determining the depolarized resting membrane potential. The TEA-sensitive current is regarded as a Ca 2ϩ -activated K ϩ channel current because it was blocked by 3 mM TEA (Fig. 3) and showed a fluctuating pattern during step pulses over the positive potentials (data not shown). A similar result was obtained in RAEC where Ca (Fig. 6A) . The calculated equilibrium potential for Cl Ϫ under this condition (160 Cl Ϫ ext /45 Cl Ϫ int ) is Ϫ32.6 mV at 25°C. Therefore this current is not a Cl Ϫ current, but instead a nonselective cationic current. The permeability sequence for monovalent cations belongs to Eisenman sequence III or IV [14] . This sequence resembles the properties of the background NSC currents described in bovine pulmonary artery endothelial cells [8] and guinea-pig endocardial endothelial cells [7] . A significant inward Ca 2ϩ current via the background NSC channels was recorded in RAECs (Fig. 6B) (P Ca /P Na ϭ0.45) was much smaller than that of the histamine-operated NSC channels in the intact endothelial cell of the rat intrapulmonary artery (P Ca /P Na ϭ15.7) and that of the substance P-induced cation channels in the porcine coronary artery endothelial cells (P Ca /P Na ϭ8) [15, 16] . This value in RAECs, however, was not very different from that of the histamine-activated NSC channels in the endothelial cells from the human umbilical vein (P Ca /P Na ϭ0.22), that of the Ca 2ϩ -dependent NSC channels in pig coronary artery endothelial cells (P Ca /P Na ϭ0.7), or that of the NSC current of guinea- 
